Human nasal polyps in outgrowth culture were used to study the Pseudomonas aeruginosa adhesion to respiratory cells. By scanning electron microscopy, P. aeruginosa were seen associated with ciliated cells, but by transmission electron microscopy, bacteria were never seen at the interciliary spaces or attached along cilia, but were identified trapped at the extremities of cilia, usually as bacterial aggregates. A fibronectin-containing fibrillar material was seen associated with aggregated bacteria. By time-lapse video microscopy, bacteria were seen to aggregate in the culture medium following their addition to the culture wells. Progressively, these aggregates were trapped by cilia or attached to migrating cells of a lower cell layer that protruded beneath the upper layer cells, at the outgrowth periphery. P. aeruginosa adhesion to these lower cell layer migrating cells was significantly higher than to ciliated or nonciliated cells of the upper cell layer. Migrating cells were intensely labeled by the complexes Con A and arachis hypogea agglutinin (PNA)-FITC, in contrast to the other cells. The percentage of PNA-labeled cells with attached bacteria was significantly higher than that without bacteria. These results suggest that changes of cell surface glycoconjugates related with cell migration may favor P. aeruginosa adhesion to respiratory cells. (J. Clin.
Introduction
An intriguing feature of Pseudomonas aeruginosa is the capability to cause persistent respiratory infection in patients with chronic diseases ofthe lungs, such as chronic bronchitis, bronchiectasis, and, more typically, cystic fibrosis (CF)l (1) . Histo- pathological studies demonstrate that erosion ofthe respiratory epithelium is a common finding in these patients (2) . Injury of the respiratory mucosa has been shown to enhance P. aeruginosa adhesion, and so potentially favors the persistence ofinfection by exposing previously masked receptors for bacterial adhesins (3) . Nevertheless, other factors may be involved in the chronic P. aeruginosa colonization and/or infection ofrespiratory airways.
Epithelial regeneration is a basic response to injury, fundamental for the maintenance of epithelial barrier function. Regeneration ofhamster tracheal epithelium after mechanical injury has been shown to begin by spreading and migration of viable cells at the wound margins to cover the denuded lesions (4) . Thereafter, a wave ofepithelial cell divisions occurs in such a way that, by 48-72 h, the injured site is covered by a layer of undifferentiated cells. The last event that renders the regenerated epithelium indistinguishable from the normal is the cellular differentiation into ciliated or secretory cells.
Apical cell-surface carbohydrates have been shown to be altered during cellular differentiation (5, 6) . Cell surface sugars on epithelial cells spreading and/or migrating to cover a wound have also been shown to differ from sugars found on normal epithelial cells (7, 8) .
Bacterial adhesion to host cells may arise from direct molecular interaction between bacterial adhesins and host glycoconjugate receptors from the plasma membrane glycocalyx, (9) . Therefore, it may be hypothesized that the presence of receptors for microbial adhesins may vary during epithelial regeneration and cell differentiation after injury. Our previous results (10) showingthat pneumococcal adhesion to respiratory epithelium is maximal in late repair phase following influenza A virus injury of the respiratory mucosa support this hypothesis.
The differentiation of respiratory epithelium in primary cell culture has been shown to recapitulate the epithelial repair following injury in hamsters (1 1). We have recently developed a human nasal polyp primary culture allowing the study of ciliogenesis and in vitro functional activity of respiratory cilia during their maturation (12) . This culture model provides an exciting approach for the study of P. aeruginosa adhesion to human respiratory epithelial cells during the process of migration, growth and differentiation.
In this study, we report a region-specific distribution of P. aeruginosa on respiratory cells in culture. A high percentage of bacteria was found on cells of the lower cellular stratum ofthe multilayered culture, especially on migrating cells ofthe periphery of the culture. Therefore, these cells appear as potential candidates for bacterial adhesion.
Methods
Bacteria. Two nonmucoid P. aeruginosa strains, isolated from expectorated sputum from a CF (P24) and a non-CF patient (P10), were maintained in 20% glycerol in Trypticase Soy Broth (Biolyon, Dardilly, France) at -20'C until used. P24 was not serotypable while P10 belonged to the serogroup 0:10 (Diagnostic Pasteur, Paris). For adherence assays, the stock suspensions were thawed and bacteria cultured overnight in Trypticase Soy Broth at 280C, without shaking, to stimulate fimbriation. The presence of fimbriae was controlled by placing a drop of P. aeruginosa cultures on collodion-coated grids, staining with 5% uranyl acetate for 3 min, and by examining with a Jeol 200CX transmission electron microscope. Bacterial cells were harvested by centrifugation and suspended in RPMI 1640 medium containing 20 mM N-2-hydroxylethyl piperazine-N'2 ethane sulphonic acid (RPMI-Hepes medium). The absorbance ofthe P. aeruginosa suspensions at 640 nm was adjusted to -0.5 which corresponded to a concentration ranging from 5 to 9 X 108 CFU/ml. Immediately before the adherence assays, bacteria were dispersed with a 5-ml syringe fitted with a 25-gauge needle.
Epithelial cell culture. Nasal polyps were removed from patients undergoing nasal polypectomy due to nasal obstruction. Epithelial cell cultures were performed as described (12) . Briefly, small explants were cut out from the nasal polyps and seeded onto type I collagen-coated circular glass coverslips in 24-well culture plates containing a defined RPMI 1640 medium (supplemented with insulin 1 ,g/ml, transferrin I ;ig/ml, epithelial growth factor 10 ng/ml, hydrocortisone 0.5 jg/ml, and retinoic acid 10 ng/ml). Cultures were incubated at 37°C under humidified 5% C02-air mixture. Under these conditions, epithelial cells migrated from the explants and gave origin to an outgrowth area around the explants.
SDS-PAGE performed on the collagen used in the culture model revealed only type I collagen a and #t bands, without any othercontaminant proteins. Adherence assays. On day 4 to 6, the supplemented RPMI medium of the culture wells was eliminated and replaced by 200 ,d of the P.
aeruginosa suspension in RPMI-Hepes medium prepared as described above. Cultures were incubated for 1 h at 37°C, rinsed four times under mild manual agitation with 0.5 ml PBS 0.1 M, pH 7.2, and fixed with 2.5% glutaraldehyde in PBS for 2 h at 4°C, unless otherwise stated. Electron microscopy. Glutaraldehyde-fixed epithelial cells were rinsed with PBS and dehydrated through graded ethanols. For scanning electron microscopy (SEM), cultures were critical point dried, coated with gold palladium, and examined on a Philips 525 SEM. For transmission electron microscopy (TEM), cells were embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined with a Hitachi H300 TEM.
Quantitation ofP. aeruginosa adherence. In each of the outgrowth cultures examined, adherent bacteria were localized and quantified by SEM observation of at least 150 consecutive microscopic fields using a constant magnification (2,700), a working distance of 10 mm, and an angle of 200. Since the contours of nonciliated cells were not always discernible, we could not determine the number of adherent bacteria for each type of cell identified in the outgrowth (ciliated, CC; noncihated, NCC). We used therefore an image analyzer (Bio 500; Biocom, Les Ulis, France) connected to the SEM to draw the outline of the ciliated cell surface and of the microscopic fields, and to determine the area, in square millimeters, of both CC and NCC surfaces (13) .
Preliminary assays showed that P. aeruginosa adherent to CC or NCC were often present as aggregates of several bacterial cells. Inasmuch as we could not determine the exact number ofbacteria in these aggregates, each one was counted as one bacteria and the pattern ofthe microorganism distribution in aggregates was systematically specified. This approach underestimates, therefore, the overall adhesion of P. aeruginosa.
Time-lapse videomicroscopy ofP. aeruginosa adherence to epithelial cells. A time-lapse videomicroscopic technique was used to analyze the kinetics of the P. aeruginosa adhesion to the respiratory epithelial cells. A CCD camera (Panasonic WV CD 50) connected to the phase contrast inverted microscope (Nikon TMS-F) allowed the recording of the bacterial adhesion phenomenon. The recordings were continuous from time 0, when the bacterial suspensions were added to the cultures, up to the past 5 min. Then, the images were recorded every 5 min for a total period of 60 min. At the end of the incubation period, cultures were rinsed with RPMI-Hepes medium at 370C and reobserved. The final magnification on the video monitor was 1,300.
Evaluation ofthe self-aggregating tendency ofP. aeruginosa. Since preliminary results showed the presence of bacterial aggregates adherent to epithelial cells, it seemed necessary to determine whether such aggregates resulted from a self-aggregating tendency ofbacterial cells or were induced by secretion products released by epithelial cells. P24 was suspended in either RPMI-Hepes medium (control) or in RPMI-Hepes medium previously incubated with cells in culture for 1 h at 370C (test). Five different 5-Ml samples of each P. aeruginosa suspension were deposited on microscopic glass slides 5, 30, and 60 min after dispersing the bacterial cells. Slides were fixed, Gram stained, and observed on an optical microscope for detection of bacterial aggregates. To ascertain that the contact with epithelial cells did not induce the synthesis ofbacterial compounds that caused bacterial aggregation, the experiment was repeated in the presence ofgentamycin at 10 ,g/ml to prevent P. aeruginosa protein synthesis.
Quantitation of P. aeruginosa aggregation. We used a semiautomatic software to quantify bacterial aggregation. Images of the smears of P. aeruginosa in test or control RPMI medium, at 5 and 60 min, were captured with a CCD video camera connected to an optical microscope (Axiophot, Zeiss). The software was run on a PC microcomputer (V286C; Victor Technologies, Rueil-Malmaison, France). A grey level thresholding allowed the isolation of the bacterial images from the background. An isolated bacteria selected on the video screen gave the reference size for further calculation. Then the software searched for the aggregates and calculated their size. Results are displayed in number of bacteria per aggregate and in number of aggregates.
Cytochemical study ofsugar residues on epithelial cell surface. In an attempt to identify a relationship between P. aeruginosa adhesion and the presence ofa specific sugar residue at the epithelial cells surface, we carried out cytochemical studies using different lectins (Table I) For FITC-lectin labeling, cultures were fixed in 4% paraformaldehyde in PBS, rinsed with PBS and PBS-BSA, before being incubated with lectin complexes at 10-20 Ig/ml for 1 h at room temperature. The specificity of the labeling was controlled by using lectin solutions previously incubated with their hapten sugar at 0.2 M concentration for 30 min.
To favor bacterial localization in our fluorescent cytochemical studies, we carried out a double labeling technique: cultures exposed to P10 were first labeled with lectin-FITC complexes, as described. Thereafter, cultures with adherent bacteria were incubated with an antiserum against P. aeruginosa somatic antigen 0:10 (Institut Pasteur, Paris) diluted 1:10 in PBS-BSA for 1 h and later with an anti-rabbit IgG conjugated with Texas red (Amersham Corp., Arlington Heights, IL) for 1 h.
Cytochemicalfibronectin study. To ascertain whether modulation of the expression of fibronectin (FN) during migration (15, 16) in parallel. IF specimens were observed on a microscope equipped with epifluorescence illumination (Axiophot Zeiss) and selected areas were analyzed on a confocal laser system (MRC 600; Bio-Rad Laboratories, Richmond, CA) connected to the Axiophot microscope.
For TEM studies, fixed cultures exposed to P24 or to P10 were incubated for 1 h with goat antiserum to FN, and later with the complex protein A-colloidal gold. Thereafter, cultures were rinsed, postfixed with 0,04 at 1%, embedded in Epon, and observed on TEM.
Statistical analyses. Data are expressed as means±SD. Differences between means were analyzed by Student's t test.
Results
Characterization ofcell cultures Phase contrast microscopy. After 3-4 d ofculture, the explants were surrounded by a large area ofepithelial outgrowth following cell migration from the explants as well as cell division. In the outgrowth area, both ciliated cells and nonciliated cells were present, the CC being more frequent in the region nearest the explants. At the periphery of the outgrowth, cells from a lower cell layer (LCL) were often seen protruding beneath the leading edge of migration ofthe superficial epithelial cells ( Fig.  1 A) . Besides, in some areas, the upper layer of epithelial cells retracted spontaneously allowing the lower cellular stratum to be exposed ( Fig. 1 B) .
Scanning electron microscopy. Neighboring ciliated cells at different steps of differentiation could frequently be observed in a same microscopic field. In our culture model, they differed from CC normally found in the airway epithelium as they presented a central cluster of cilia surrounded by a microvillicovered surface area (Fig. 2 ). NCC were also covered by microvilli that apparently did not differ from those observed on CC.
Transmission electron microscopy. Low magnification view of vertical sections demonstrates that surface epithelial cells rested upon an underlying continuous stratum composed of at least one cell layer. As cells from the upper layer were more distant from the explant, they became more flattened (not shown). At higher magnification, it was noticed that CC presented microvilli that were longer and thinner than those from NCC, presenting a simple or branching pattern. These microvilli seem to be characteristic of CC insofar as they were identified on differentiated CC or on CC in the way ofdifferentiation (not shown).
NCC presented a very heterogeneous morphology that varied from those presenting numerous apical microvilli with a well developed membrane glycocalyx to others presenting only a few random surface microvilli. Some of the NCC could be characterized as secretory cells by the presence of secretory granules, but most ofthem did not present any particular char- acteristic ofcell differentiation and were, therefore, classified as undifferentiated cells.
P. aeruginosa adherence to epithelial respiratory cells By SEM, bacteria were seen attached both to CC and NCC of the upper cell layer, but a striking difference was observed in the distribution pattern ofP. aeruginosa, as shown in Fig. 3 . P24 associated with CC were in 71.3±15.3% of the cases present as large aggregates of countless microorganisms (Fig. 4 A) , while the percentage of aggregated bacteria associated with NCC were of 19.0±14.0% (P < 0.001). For P10, the percentage of aggregated bacteria associated with CC was also significantly higher than the percentage associated with NCC (70.8±18.0 and 10.3±6.5%, respectively; P < 0.001). Both P24 and P10 were seen to adhere avidly to type I collagen matrix, in most cases as nonaggregated bacteria (Fig. 4 B) . As shown in Fig. 5 Ifwe consider only CC with nonagglutinated attached bacteria, the percentages were 11.9±8.8 and 5.5±4.4%, respectively. An exciting SEM finding was the P. aeruginosa adhesion to cells ofthe LCL, which were identified both at the leading edge of migration of the outgrowth and in areas where the upper cells retracted spontaneously allowing the LCL to be exposed (Fig. 6 ). As shown in Fig. .5 , the number of P24 associated with the LCL (34.1±17.1 X l0-4 bacteria/,m2) was significantly higher (P < 0.001) than that of bacteria associated with CC or NCC surfaces. In 82.6±5.1% of the cases, P24 attached to the LCL were present as aggregates of numerous microorganisms.
The adhesion of P10 to cells of the LCL was not quantified, but was similar to P24 adhesion, as observed in SEM and videomicroscopic studies.
To ascertain that P. aeruginosa aggregates have not simply settled by gravity on the LCL, two cultures on collagen-coated coverslips were incubated inverted in P24 suspension, as described by Spurr-Michaud et al. (17) . Although the quantitation ofbacterial adhesion was not performed, numerous bacterial aggregates were seen attached at the periphery of the outgrowth as well as to the tips of cilia (not shown). The preservation of the distribution pattern of bacteria on the outgrowth ofrespiratory cells demonstrates that the results are not a culture artifact.
By TEM, P. aeruginosa were never seen attached along cilia or at the interciliary spaces, but were identified trapped at the extremities ofcilia, as aggregates (Fig. 7 A) . A matrix-like material was always seen surrounding aggregated bacteria (Fig. 7, A and B). The interaction of aggregated bacteria with cilia appeared to occur by means ofthis matrix (Fig. 7 A) A significant difference was noted between the size of the greatest P24 aggregate present in control and test suspensions at 5 min (146.5±192.7 and 1,839.4±1,068.3 bacteria, respectively) and at 60 min (410.8±339.7 and 2,740.4±369.9 bacteria, P < 0.001). Although quantitative study was not performed, no difference was noted when test or control P. aeruginosa suspensions were prepared in the presence of gentamycin.
Cytochemical studies
The microscopic observation of cultures labeled by the wheat germ agglutinin (WGA)-FITC complex showed cells from the upper cell layer to differ in the labeling pattern: well labeled cells were seen neighboring poorly labeled cells (not shown). Cells ofthe lower cellular stratum, more easily identified at the edge of the outgrowth area, were shown to fluoresce less intensely than the adjacent upper cells. Moreover, a diffuse pattern offluorescence was noted, in contrast to that of upper cells where the microvilli were markedly labeled. No relationship could be established between the presence ofadherent bacteria and WGA-FITC staining.
Ciliated cells were never labeled by the WGA-gold complex. In contrast, WGA-gold binding to NCC was shown to increase with cell differentiation, as evaluated by the development of apical microvilli both in number and in length and by the development ofthe plasma membrane glycocalyx (Fig. 9, A and B). However, P. aeruginosa adhesion to NCC could not be directly and exclusively attributed to the presence of WGAbinding sites on epithelial cells, inasmuch as bacteria adhered either to cells presenting a well developed and well labeled glycocalyx (Fig. 9 D) or to poorly differentiated and poorly labeled cells (Fig. 9 C) .
No relationship could be established between Con A labeling and cell differentiation as either CC or NCC from the upper cellular layer were labeled by the Con A-gold complex. However, the analysis of cultures labeled by the Con A-FITC complex showed that cells of the periphery of the outgrowth were intensely labeled, in contrast to the upper cells which were either negative or poorly fluorescent (Fig. 10 A) . No difference could be noticed between the percentage of fluorescent cells of the periphery of the outgrowth presenting attached bacteria and of cells without bacteria.
As a whole, cells from the upper cellular stratum fluoresced dimly when labeled by the arachis hypogea agglutinin (PNA)-FITC complex. In contrast, cells from the edge of the outgrowth were shown to be intensely labeled by the PNA-FITC complex (Fig. 10 B) . The percentage of PNA-labeled cells presenting adherent bacteria, revealed by the labeling with the anti-Ig-Texas red complex, was significantly higher (P < 0.02) than that without bacteria (69.8 and 30.1±5.7%).
Fibronectin studies
Although some nonfluorescent cells were observed, as a whole epithelial respiratory cells in culture were dimly fluorescent after exposure to the anti-FN serum followed by the streptavidin FITC complex (Fig. 11 A) . However, a few intensely FN-labeled cells were identified, both at the periphery of the culture and in central areas of the outgrowth (not shown). Besides this fine labeling pattern of insoluble cell-associated FN, an intensely fluorescent fibrillar material was seen over the epithelial cell surfaces (Fig. 1, B and C) and the collagen matrix (not shown), both in P. aeruginosa-exposed and in control cultures not exposed to bacteria. This FN-containing fibrillar material was seen to be closely associated with aggregated bacteria adherent to CC, NCC, or to the collagen matrix. The culture observation on the confocal microscope allowed a better understanding ofthe interaction between fibrillar FN and P. aeruginosa (Fig. 11, C-E) . The presence of the FN-containing fibrillar material was confirmed by TEM studies as well as its association with aggregated bacteria (Fig. 12) . No relationship could be established between low amounts of insoluble FN at respiratory cell surface and the adhesion of P. aeruginosa.
Discussion
The specific mechanisms of the colonization of cystic fibrosis patient airways by P. aeruginosa remain unclear. In vitro studies have shown P. aeruginosa to adhere to cilia from human tracheal cells in suspension (18) , but they never infect tracheobronchial mucosa of healthy individuals. Moreover, P. aeruginosa interaction with intact epithelium was never noted in lungs from cystic fibrosis patients (2), neither was bacteria entanglement within cilia. In contrast to sites with intact epithelium, where bacteria remained intraluminal, P. aeruginosa were seen attached to denuded membranes or to inflamed surfaces of the injured epithelium. These discrepancies among clinical, anatomopathological, and in vitro data probably reflect the lack of an adequate in vitro model for studying the mechanisms controlling P. aeruginosa infection of the respiratory epithelium.
Studies on normal human tracheobronchial tissue are difficult to perform because excised specimens are rarely available. Therefore, in this study, we worked on nasal polyp explant outgrowth primary culture as a model oftracheobronchial epithelium. The outgrowth cultures provide a good model for studying bacterial adhesion to epithelial respiratory cells at different steps of differentiation.
In our study, P. aeruginosa adhesion to CC was nonuniform and, in most cases, P. aeruginosa were present as aggregates trapped at the extremities of cilia, which suggests that a non-receptor mechanism of adherence may have operated. The percentage of CC presenting nonaggregated attached microorganisms was at least twice lower than that with aggregated attached P. aeruginosa. The comparison of our results with those of others is difficult due to major differences in the methodological approaches. However, our mean index of attached microorganisms per CC is much lower than those reported by Franklin et al. (18) (21), we conclude that the nonmucoid P. aeruginosa variant adheres only poorly, if at all, to the undamaged ciliated epithelium. Aggregated P. aeruginosa were shown to be surrounded by a matrix-like material. At least three types of evidence suggest that such aggregates resulted from the bacterial aggregation due to some factors released in the culture medium: (a) by videomicroscopy, bacteria were seen to be progressively aggregated after the addition to the cell cultures; (b) bacteria, which were almost immediately trapped by the collagen matrix, were present as nonaggregated cells; and (c) bacterial suspensions prepared in epithelial cell cultures-conditioned RPMI medium were shown to aggregate while those prepared with control RPMI medium did not.
Epithelial respiratory cells in culture have been shown to synthesize glycoconjugates and to release them spontaneously into the culture medium (22, 23) . Preliminary results from our laboratory suggest that mucin may be involved in the observed P. aeruginosa aggregation, as shown by ongoing immunocytochemical studies using a monoclonal antibody 17 B. developed using purified large molecular weight macromolecules of rhesus monkey tracheal secretion as immunogen (24, 25) , kindly supplied by Dr. R. Wu (California Primate Research Center, University of California). Mucin-like glycoproteins present in saliva are known to induce the aggregation oforal bacteria (26, 27) . Bacterial aggregation in the respiratory tract may be of great in vivo significance since large aggregates are supposed to be cleared more easily by the mucociliary transport than individual organisms.
At the periphery ofthe outgrowth culture, cells do not make contact with opposing cells and continue to migrate (28, 29) . Because they behave like cells close to wound edges, which in response to focal loss of an adjacent cell spread and migrate to cover denuded areas (30, 31) , the outgrowth culture can be considered as a model of wounded epithelia.
The recruitment of components of internal membranes 2024 Plotkowski, Chevillard, Pierrot, Altemayer, Zahm, Colliot, and Puchelle into plasmalemma, which occurs during cellular spreading and migration (32) , as well as a change in the relative rates of membrane flow, processing reactions and glycosyl transfer are likely to be responsible for the described alteration of cell surface carbohydrates during cell migration (7, 8) and differentiation (6) . Bacterial adhesion to host cells has been shown to depend on direct molecular interaction between microbial structures and host glycoconjugate receptors from the plasma membrane glycocalyx. Several studies have shown that sialic acid residues inhibit the adhesion of nonmucoid P. aeruginosa to different tissues (33) (34) (35) (36) .
The binding of WGA, a lectin that recognizes interior and terminal N-acetylglucosamine, as well as terminal sialic acid residues (14) , to adult mouse corneal epithelium was shown to decrease with cell maturation (37) . Other studies similarly have shown that immature cells possess many sialic acid residues, whereas aging reduces their number (38) . WGA binding to cells migrating to repair an epithelial injury was also shown to be much greater than binding to stationary cells (7) . Accordingly, we hypothesized that P. aeruginosa adhesion to injured epithelium would be favored by the usual events ofwound repair, i.e., cell migration and proliferation, which would explain the persistent respiratory infection in patients with chronic lung diseases.
In contrast to data obtained with mouse corneal epithelium (37) , the WGA binding to human epithelial respiratory cells increased with the development ofapical surface microvilli and cellular glycocalyx. As the differentiation of ciliated cells in human fetal tracheal epithelium was shown to begin by microvillogenesis, which occurs before ciliogenesis (39), cells presenting increased microvilli, both in number and length, were considered more mature than cells with fewer apical microvilli.
Our results also contrast with data from animal corneal epithelium studies (7), since the apical membrane of the upper cells bound more WGA than migrating and/or spreading cells ofthe periphery of the outgrowth. In our study, P. aeruginosa were shown to adhere to NCC presenting either well developed and well WGA-labeled microvilli ora poorly developed and poorly labeled glycocalyx. Therefore, the presence of the sugar residues revealed by the cell reactivity with the WGA complex does not seem to be the only factor controlling P. aeruginosa adhesion to respiratory cells.
The most interesting finding ofour study wasP. aeruginosa adhesion to the cells ofthe lower cell layer protruding beneath the leading edge of migration ofthe outgrowth. A similar finding was reported by Spurr-Michaud et al. (17), studying P. aeruginosa adhesion to healing rat corneas. P. aeruginosa adhesion to both migrating cells and basal lamina was significantly reduced by preincubation with Con A, which suggested a possible receptor role for mannose residues in P. aeruginosa adhesion to injured corneas.
In our study, the cells of the periphery of the outgrowth presenting attached bacteria were intensely labeled by the Con A-FITC complex. The preferential binding of Con A complexes to misgating cells has already been described in other in vitro models of repairing tissues (7, 8) .
The cells of the leading edge of migration ofthe outgrowth were also labeled differently by the lectin PNA and the percentage ofPNA-labeled cells presenting attached P. aeruginosa was higher than the percentage of labeled cells without bacteria. The specificity of PNA is the disaccharide galactose j31-3 Nacetylgalactosamine, which is the terminal sequence ofthe ganglioside asialo Gm,. Studies from Krivan et al. (40, 41) All these studies point to a role of gangliosides as the cell surface receptor for P. aeruginosa adhesion. The carbohydrate sequence of neutral glycosphingolipids, supposed to allow the adhesion ofP. aeruginosa, is not the terminal saccharide recognized by PNA (40) (41) (42) . Accordingly, it is conceivable that the relationship observed in our study between cell-PNA labeling and presence of attached bacteria represents just indirect evidence of the presence of the membrane glycoconjugate to which P. aeruginosa have adhered.
The adhesion of P. aeruginosa to buccal epithelial cells has been shown to be inversely proportional to levels of insoluble 2026 Plotkowski, Chevillard, Pierrot, Altemayer, Zahm, Colliot, and Puchelle FN on the epithelial cell surface (45) (46) (47) . In our study, no clear relationship could be established between the presence of cell surface FN and the adhesion of P. aeruginosa. In contrast, FN containing fibrillar material was seen to be associated with aggregated P. aeruginosa attached to epithelial cells or to the collagen matrix. Similar fibrillar aggregates of FN have been shown to be scattered over the surface of extracellular matrix produced by bovine corneal endothelial cells in vitro (48) .
Human epithelial respiratory cells in culture secrete FN into the culture medium (49) and soluble FN in culture medium has been shown to be in equilibrium with FN associated to cell surfaces (50) . Incorporation of soluble FN into cell surfaces or extracellular matrix results in the transformation of a dimeric protein into an insoluble fibrous protein in which multimeric fibrils are covalently cross-linked (51) . This conformational change is supposed to either uncover or block potential receptor sites for pathogens. Accordingly, Streptococcus sanguis and Borrelia burgdorferi were shown to bind preferentially to insoluble FN (52, 53) . It is conceivable, therefore, that in our culture model, as reported by Woods et al. (45, 46) and Abraham et al. (47) , insoluble FN at the epithelial respiratory cell surfaces may serve as a barrier to the adhesion ofP. aeruginosa while soluble FN would bind to bacteria leading to their aggregation. On the other hand, FN is known to present binding sites for different glycoconjugates such as glycosaminoglycans, mucins, cell surface proteoglycans, and membrane-associated gangliosides (54, 55) . Insofar as in our preliminary assays the matrix-like material surrounding aggregated P. aeruginosa was shown to react with an antimucin antibody, we speculate that bacteria were first aggregated by mucin-like products from the epithelial cells and later on by soluble FN attached to the bacteria-associated mucin. As we have shown a preferential binding ofP. aeruginosa, both as isolated and as aggregated bacteria, to the PNA-reactive migrating cells ofthe LCL at the periphery of the culture, it is conceivable that these cells present surface receptors for FN associated with bacteria. It is exciting that data from Kleinman et al. (56) and Thompson et al. (57) suggest that FN binds to the oligosaccharide part of various membrane-associated gangliosides.
The interaction ofP. aeruginosa with epithelial respiratory cells seems to be a very complex phenomenon. Based on our results, we speculate that changes of cell surface glycoconjugates related with cell migrating and/or spreading to repair epithelial injury may favor P. aeruginosa adhesion and, therefore, be partly responsible for the persistence ofinfection in patients with chronic lung diseases.
